Many plasma membrane components are organized into detergent-resistant membrane microdomains referred to as lipid rafts. However, there is much less information about the organization of membrane components into microdomains outside of lipid rafts. Furthermore, there are few approaches to determine whether different membrane components are colocalized in microdomains as small as lipid rafts. We have previously described a new method of determining the extent of organization of proteins into membrane microdomains by analyzing the distribution of pairwise distances between immunogold particles in immunoelectron micrographs. We used this method to analyze the microdomains involved in the incorporation of the T-cell antigen CD4 into the envelope of vesicular stomatitis virus (VSV). In cells infected with a recombinant virus that expresses CD4 from the viral genome, both CD4 and the VSV envelope glycoprotein (G protein) were found in detergent-soluble (nonraft) membrane fractions. However, analysis of the distribution of CD4 and G protein in plasma membranes by immunoelectron microscopy showed that both were organized into membrane microdomains of similar sizes, approximately 100 to 150 nm. In regions of plasma membrane outside of virus budding sites, CD4 and G protein were present in separate membrane microdomains, as shown by double-label immunoelectron microscopy data. However, virus budding occurred from membrane microdomains that contained both G protein and CD4, and extended to approximately 300 nm, indicating that VSV pseudotype formation with CD4 occurs by clustering of G protein-and CD4-containing microdomains.
For most viruses, envelope assembly involves association of internal virion components with specialized regions of the host plasma membrane containing locally high concentrations of viral transmembrane envelope glycoproteins. These membrane regions then bud from the host membrane and pinch off to form the virus envelope. As a general rule, host proteins are excluded from budding virus envelopes while viral glycoproteins are preferentially included. However, some heterologous membrane proteins are incorporated into virus envelopes at very high levels. This phenomenon is referred to as pseudotype formation or phenotypic mixing (31) . There has been intense interest in pseudotype formation because of its importance for understanding the mechanism of virus envelope assembly. In addition, pseudotype formation is widely used in biotechnology applications to alter the host range of viruses and for vaccine development (16, 28) .
Pseudotype formation was originally defined by a mixed infection of two enveloped viruses, in which progeny virions contained glycoproteins of both viruses (31) . More recently, pseudotype formation has also been observed in recombinant viruses that express foreign glycoproteins directly from the viral genome (12, 24, 26) . The exclusion of most host proteins from virus envelopes makes the process of envelope assembly appear to be specific for homologous viral glycoproteins. However, the phenomenon of pseudotype formation suggests that the process of envelope assembly is nonspecific with regard to the incorporation of viral glycoproteins. This apparent contradiction is known as the pseudotype paradox (31) . The goal of the experiments presented here was to determine the mechanism behind this apparent paradox for the prototype rhabdovirus, vesicular stomatitis virus (VSV), which has been widely used in studies of viral envelope assembly and pseudotype formation. The VSV core consists of a helical nucleocapsid containing the genome RNA, which is condensed into a tightly coiled, bullet-like shape by the viral matrix (M) protein. The envelope contains primarily a single species of viral transmembrane glycoprotein (G protein) but can readily form pseudotypes with other membrane glycoproteins.
A key insight into the mechanism of virus envelope assembly was provided by the concept of membrane microdomains. A membrane microdomain can be defined as a locally high concentration of a membrane component compared to the average density in the membrane as a whole. By this definition, budding virus envelopes can be viewed as excellent examples of assembly of functional membrane microdomains. The most extensively characterized membrane microdomains are those that are enriched in sphingolipids and cholesterol, referred to as lipid rafts. These membrane microdomains have been characterized largely by their relative resistance to solubilization with Triton X-100 at low temperatures (2) and by copatching with glycolipids such as GM 1 (8) . The evidence that several viruses bud from lipid rafts that are enriched in their viral glycoproteins has reinforced the idea that virus envelope assembly is in fact a case of assembly of functional membrane microdomains (1, 15, 17, 20, 23, 32) .
The concept that viruses can bud from lipid rafts has also led to the idea that pseudotype formation occurs by virus budding from lipid rafts that contain a mixture of glycoproteins (20) . This could also account for the exclusion of host proteins that are not present in lipid rafts containing viral proteins. However, it has been difficult to test this hypothesis, since there are few approaches to determine whether different membrane components are colocalized in microdomains as small as lipid rafts, which are estimated to be on the order of 100 nm or less (29) . Indeed, even the existence of lipid rafts under conditions other than detergent extraction or copatching has been difficult to detect (9, 10, 25, 29) .
Although some viruses bud from lipid raft microdomains, there are likely to be many viruses that bud from nonraft areas of plasma membranes. VSV was the original example of a virus that buds from nonraft areas of membranes (22) . Thus, the techniques used to analyze lipid rafts cannot be used to determine whether the VSV G protein is organized into membrane microdomains or whether such microdomains serve as sites of virus assembly. To address this question, we recently developed a new analytical method for immunoelectron microscopy data to determine whether membrane proteins are organized into microdomains and to determine the sizes of these microdomains (3). This method is based on analyzing the distribution of pairwise distances between immunogold particles averaged over a large number of electron micrographs. This method can be applied to any immunolabeled membrane protein regardless of whether or not it is raft associated. Using this approach, we showed that the VSV G protein is primarily organized into membrane microdomains with a diameter of 100 to 150 nm, both when expressed in transfected cells in the absence of other viral components and in the plasma membranes of virus-infected cells (3, 4) .
One of the strengths of our new method is that it can also be used to determine colocalization of different membrane components in membrane microdomains in double-labeling experiments. In the experiments reported here, we analyzed the membrane microdomains involved in pseudotype formation. We used a recombinant VSV that expresses the T-cell antigen CD4 from the viral genome (VSV-CD4) (24) . Virions produced from VSV-CD4-infected cells incorporate CD4 into their envelopes nearly as efficiently as G protein. The data presented here show that in VSV-CD4-infected cells, G protein-and CD4-containing microdomains have very similar properties. Both were approximately 100 to 150 nm in diameter, and both were primarily detergent soluble. In areas of the plasma membrane outside of virus budding sites, G protein and CD4 were present in separate microdomains, as shown by double-labeling experiments. However, virus budding occurred from membrane microdomains that contained both G protein and CD4, and extended to approximately 300 nm. The result that G protein and CD4 are in separate microdomains outside of budding sites but together within budding sites leads to the conclusion that VSV pseudotype formation with CD4 occurs by clustering of G protein-and CD4-containing microdomains.
MATERIALS AND METHODS

Cells and viruses.
The recombinant virus VSV-CD4 was provided by John K. Rose of the Yale University School of Medicine (24) . VSV-CD4 was grown at 37°C in BHK cells following two rounds of plaque purification as described previously (14) .
Immunogold-labeling electron microscopy. BHK cells were infected with VSV-CD4 at a multiplicity of infection of 20 PFU/cell for 4.5 or 8 h as described elsewhere (3) . Cells were fixed with buffered formalin as described elsewhere and labeled with a mouse anti-VSV G protein monoclonal antibody, I1 (13) , or an anti-CD4 monoclonal antibody, MHCD0400 (Caltag Laboratories), diluted 1:100 for 1 h. Following three washes with phosphate-buffered saline (PBS) containing 10% bovine serum albumin (BSA), cells were labeled with a secondary goat anti-mouse immunoglobulin G antibody conjugated to 5-nm gold beads (Jackson ImmunoResearch Laboratories) for 1 h. For double labeling, formalinfixed cells were permeabilized with 0.05% saponin for 10 min, then washed three times with PBS containing 0.1 M glycine, and incubated in PBS containing 0.1 M glycine and 10% BSA at 4°C overnight. Samples were incubated with a rabbit anti-VSV-G Tag antibody (Research Diagnostics Incorporated) and the mouse anti-CD4 monoclonal antibody. Following three washes with PBS containing 10% BSA, cells were labeled with a secondary goat anti-mouse antibody conjugated to 5-nm gold particles to indirectly label CD4 and a secondary goat anti-rabbit antibody conjugated to 15-nm gold particles to indirectly label G protein (Jackson ImmunoResearch Laboratories). Immunolabeled cells were postfixed in 1% osmium tetroxide for 15 min, washed three times in PBS, scraped from the dish, and collected by centrifugation. Cells were embedded in Spurr resin using the standard embedding method. Thin sections (80 nm) of the embedded material were viewed using a Philips EM400 electron microscope operating at 80 keV.
A series of 25 electron micrographs of arbitrarily chosen areas of plasma membrane were collected from two separate experiments (total of 50 micrographs). Each micrograph was obtained from a separate cell. The magnification of micrographs was ϫ43,000. Negatives were digitized with a scanner, and the micrographs were analyzed with Image Pro 3.0 software (Media Cybernetics). A pairwise measurement was made of the distance traced along the plasma membrane between each gold particle and every other gold particle to its right in the image, excluding gold particles within a virus budding site. These measurements generated a data set of distances between all of the gold particles in all 50 images. This data set was plotted as a histogram of the average number of gold particles per 20 nm on the y axis versus the distance of separation on the x axis in 20-nm increments as described previously (3) . For double-label experiments, a series of 25 electron micrographs of arbitrarily chosen 15-nm gold particles that were not in budding virus envelopes was collected from two separate experiments (total of 50 micrographs). Each micrograph was obtained from a separate cell. The distance to each 5-nm gold particle within a distance of 1 m on each side of the reference 15-nm gold particle was measured along the trace of the plasma membrane. The data were plotted as a histogram of the density of anti-CD4 gold particles on the y axis versus the distance from anti-G protein reference particles in 20-nm increments on the x axis. The y values were converted to average densities by dividing the number of gold particles at each distance by the number of 15-nm gold particles that contained data at that distance (3).
Analysis of virus budding sites. A series of 25 electron micrographs of arbitrarily chosen VSV budding sites was collected from each of two separate experiments (total of 50 micrographs), and virus budding sites were analyzed as described previously (3) . Since several micrographs contained more than one virus budding site, the actual number of budding sites analyzed in the 50 micrographs was 61 (anti-CD4 at 4.5 h postinfection [hpi]), 74 (anti-CD4 at 8 hpi), 62 (anti-G protein at 4.5 hpi), or 73 (anti-G protein at 8 hpi). Briefly, virus budding sites were analyzed by measuring the distance of each gold particle from the center of the leading edge of the virus budding site along the trace of the plasma membrane, within a distance of 1 m of the budding site. For budding sites separated by distances Ͻ2 m, the distance between them was divided at the midpoint. Data were presented as a histogram of the average density of gold particles on the y axis versus the distance from the center of the budding site in 20-nm increments on the x axis. The length of the virus envelope was determined by tracing the membrane from the tip of the budding virion to the end of the electron density of the densely stained nucleocapsid-M protein (NCM) complex. The left and right sides of the virus envelope were measured separately.
Western blot analysis of CD4 incorporation into VSV-CD4 virions. BHK cells infected with VSV-CD4 for 4 or 7.5 h were washed three times with PBS and then incubated in medium for 1 h at 37°C. Culture supernatants were collected, centrifuged at 2,000 rpm for 5 min at 4°C to remove cellular debris, and then centrifuged over a 15% sucrose cushion at 50,000 rpm for 40 min in a Beckman TLS-55 rotor. Virus pellets were resuspended in a total volume of 100 l of radioimmunoprecipitation assay (RIPA) buffer (0.15 M NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 10 mM Tris, pH 7.4). Equal amounts of purified virions were analyzed by Western blotting with anti-CD4 antibody H370 (Santa Cruz Biotechnology, Inc.) and anti-VSV-G Tag antibody (Research Diagnostics Incorporated) as described elsewhere (5) . The ratio of CD4 to G protein was determined using Quantity One software (BioRad).
SDS-PAGE analysis of G protein incorporation into VSV-CD4 virions. BHK cells infected with VSV-CD4 for 3.5 or 7 h were incubated in methioninedeficient medium containing 2% fetal bovine serum for 10 min at 37°C, then pulse labeled with [
35 S]methionine for 10 min, and incubated in nonradiolabeled medium for 1 h at 37°C. Virions released during the chase were harvested as described above and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on 10% polyacrylamide gels, followed by phosphorescence imaging using Quantity One software.
Analysis of Triton X-100-resistant G protein and CD4 microdomains. BHK cells infected with VSV-CD4 for 4.5 or 8 h were washed with PBS and then extracted with 1% Triton X-100 in 25 mM Tris, 150 mM NaCl, 5 mM EDTA (pH 7.4) for 30 min at 4°C. Cell lysates were sedimented at approximately 100,000 ϫ g in a Beckman Airfuge for 20 min at 4°C to separate soluble and insoluble material. Pellets were resuspended in RIPA buffer to contain the same volume as the supernatant fractions. Supernatant and pellet fractions were analyzed by Western blot analysis with anti-G protein and anti-CD4 antibodies. The volume of supernatant analyzed was one-fourth the volume of the pellet. The relative percentages of G protein and CD4 in the pellet fractions were determined using Quantity One software.
For flotation-based analysis of detergent-resistant G protein and CD4, VSV-CD4-infected cells were washed with cold PBS and resuspended in 1% Triton X-100 for 30 min. Lysates were subjected to 15 strokes of a Dounce homogenizer. Nuclei were removed by centrifugation at 2,000 rpm at 4°C. A 500-l volume of supernatant was mixed with 1.5 ml of 60% (wt/vol) sucrose containing 1% Triton X-100 and then overlaid with 2 ml of 30% sucrose and 1 ml of 5% sucrose. Gradients were centrifuged in a Beckman SW50.1 rotor at 35,000 rpm at 4°C for 16 h. Fractions (0.6 ml) were collected from the top of the gradient and were analyzed by Western blotting as described above.
RESULTS AND DISCUSSION
G protein-and CD4-containing microdomains in BHK cells are primarily detergent soluble. The observation that VSV efficiently forms pseudotypes with CD4 (24) raises the question of whether G protein-containing and CD4-containing microdomains have similar properties. Little if any VSV G protein is found in detergent-insoluble (lipid-raft) membrane fractions (22, 30, 32) . However, the reported extent of CD4 association with detergent-insoluble lipid rafts in T cells ranges from nearly 100% to less than 20%, depending on the source of the T cells (7, 11, 18, 19, 21) . We determined the extent of association of G protein and CD4 with detergent-insoluble membrane fractions in BHK cells infected with VSV-CD4 at two different time points, 4.5 hpi, which is relatively early in the period of virus assembly, and 8 hpi, which is a late time when viral proteins have accumulated to near-maximum levels. Cells infected with VSV-CD4 were treated with buffer containing 1% Triton X-100 at 4°C, and cell lysates were sedimented to pellet detergent-resistant material. The resulting supernatant and pellet fractions were analyzed by Western blotting for G protein and CD4 (Fig. 1A) , and the percentages of G protein and CD4 in the pellets were quantitated from six independent experiments. At both 4.5 and 8 hpi, there was little if any G protein detected in the pellet (Ͻ2%), consistent with earlier data. Likewise, there was only a small amount of CD4 detectable in the pellet fractions (12 to 14%). This result is similar to that obtained for T cells that lack the CD4-associated protein kinase Lck, supporting the idea that in the absence of Lck, only small amounts of CD4 are associated with detergent-resistant membrane fractions (7, 19) . These results were confirmed by performing a flotation-based analysis of detergent-resistant G protein and CD4. Detergent-treated lysates were mixed with dense sucrose, overlaid with a discontinuous sucrose gradient, and centrifuged to float the detergent-resistant membranes. Fractions were analyzed by Western blotting (Fig. 1C) . Little if any G protein and only small amounts of CD4 were detected in the raft fractions (lanes 1 to 4). These results indicate that G protein and CD4 are similar, though not identical, in their detergent solubility and that neither G protein nor CD4 partitions into detergent-insoluble microdomains to a great extent.
G protein-and CD4-containing microdomains are similar in size. Since most CD4 did not partition into lipid rafts, this raised the question of whether CD4 was organized into membrane microdomains in BHK cells or whether it was distributed randomly in the plasma membrane. To distinguish between these two possibilities, we used our recently described method for the analysis of immunoelectron microscopy data to detect the organization of proteins into membrane microdomains (3) . BHK cells were infected with VSV-CD4, and at either 4.5 or 8 hpi, cells were fixed and immunolabeled with an antibody Cell lysates were mixed with 60% (wt/vol) sucrose and overlaid with 30% and 5% sucrose solutions, then centrifuged for 16 h. Fractions were collected from the top of the gradient and analyzed by Western blotting with antibodies against G protein and CD4. Proteins in fractions 1 through 4 were defined as raft associated, and proteins in fractions 6 though 9 were defined as non-raft associated.
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on September 8, 2017 by guest http://jvi.asm.org/ against CD4 and a secondary antibody conjugated to 5-nm gold particles. The amount of gold-conjugated secondary antibody was adjusted to low levels so that no labeling was detectable in the negative controls (3). This also prevents interference between gold particles in heavily labeled areas of samples with positive immunoreactivity. Sets of 25 electron micrographs of arbitrarily chosen areas of plasma membrane were collected in each of two independent experiments (50 micrographs total at each time point), with each image arising from a different cell. A representative image is shown in Fig.  2A . A pairwise measurement was made of the distance traced along the plasma membrane between each gold particle and every other gold particle to its right in the image, excluding gold particles within a virus budding site. These measurements generated a data set of distances between all of the gold particles in all 50 images. This data set was plotted as a histogram of the average number of gold particles per 20 nm on the y axis versus the distance of separation on the x axis in 20-nm increments (3). Figure 2B shows the analysis of pairwise distance measurements of immunolabeled CD4 in the plasma membranes of VSV-CD4-infected cells at 4.5 and 8 hpi. The average density of CD4 labeling in the plasma membrane at 4.5 hpi, determined from the 50 micrographs (0.11 particle/20 nm), is shown. For distances of separation between 100 nm and 1,000 nm, the histogram shows densities that are close to this average, as expected. However, for distances less than 100 nm, the histogram shows densities that are higher than the average, which indicates that CD4 is organized into microdomains in this size range. If CD4 is organized into circular microdomains with only one size, this analysis yields a straight line with a negative slope that intersects the average density at a distance that is 64% (2/) of the diameter of the microdomain (3). The data obtained at 4.5 hpi are consistent with only a single dramatic change in the slope at approximately 100 nm. This indicates that CD4 is predominantly organized into microdomains with a diameter of 100 to 150 nm.
At 8 hpi, the average density of CD4 (0.21 particle/20 nm) was approximately twofold higher than the average density at 4.5 hpi. If the sizes of all of the CD4-containing microdomains at 8 hpi had remained at 100 to 150 nm, the graph would intersect the average density at the same point as at 4.5 hpi, but the negative slope and the y intercept would be twofold higher (3). For example, the y intercept in Fig. 2B should increase from approximately 0.4 at 4.5 hpi to approximately 0.8 at 8 hpi. However, the densities near the y intercept at 8 hpi increased to only approximately 0.5 particle/20 nm. Furthermore, densities higher than the average extended to at least 400 nm and were not consistent with a single change in slope. These data indicate that much of the CD4 was organized into microdomains in the range of 100 to 150 nm but that some of the CD4 was populating microdomains with a wider variety of sizes. From these data we conclude that CD4 does partition into membrane microdomains that are predominantly 100 to 150 nm but that, when expressed at high levels, CD4 is also distributed among microdomains of larger sizes.
The CD4 microdomains were similar in size to the G protein-containing microdomains we described earlier in wild-type VSV-infected cells (3, 4) . To determine if G protein was organized to the same extent in VSV-CD4-infected cells as in wild-type virus-infected cells, the pairwise distance analysis of Fig. 2B was applied to G protein in VSV-CD4-infected cells in Fig. 2C . In contrast to the findings of our earlier study of wild-type VSV (3), the average density of G protein in the plasma membranes of cells infected with VSV-CD4 did not increase between 4.5 and 8 hpi. The average density of G protein at both time points was 0.08 particle/20 nm. We attribute this difference from our results with wild-type VSV to the faster depletion of G protein from the plasma membrane by budding of VSV-CD4 virions compared to wild-type VSV. An earlier electron microscopy study showed that VSV-CD4 virions are longer than wild-type virions due to their extra genetic information (24) , and therefore budding of VSV-CD4 would be expected to deplete G protein from the plasma membrane at a higher rate. The important result from Fig. 2C is that the distribution of G protein in the plasma membrane at 4.5 and 8 hpi was characterized by a high density of G protein at short distances of separation, with a single dramatic change in slope at approximately 100 nm. These data indicate that the G protein-containing microdomains are 100 to 150 nm, similar in size to the CD4-containing microdomains. The microdomains containing G protein and CD4 are slightly smaller than those containing the lipid-raft-associated influenza virus hemagglutinin, which were determined to be 200 to 280 nm using the same technique (27) . This reinforces the idea that G protein-and CD4-containing microdomains are similar in principle to lipid rafts but differ in detail from lipid rafts in their detergent solubility and overall size.
G protein and CD4 are in separate microdomains outside of budding sites. The similarity in size and detergent solubility of G protein-and CD4-containing microdomains suggested that these proteins might exist as a mixture within a single type of microdomain. Alternatively, they may exist in separate microdomains with similar properties. We distinguished between these two hypotheses by analyzing the distribution of CD4 relative to G protein in VSV-CD4-infected cells by doublelabel immunogold electron microscopy. If CD4 and G protein formed mixed microdomains, this would be apparent as a higher-than-average density for small distances of separation between anti-G protein gold particles and anti-CD4 gold particles, a result similar to those for CD4 alone and G protein alone (Fig. 2B and C) . Alternatively, if G protein and CD4 exist in separate microdomains, the density of CD4 would be similar to the average density at all distances of separation from G protein.
BHK cells were infected with VSV-CD4 for 4.5 or 8 h. Cells were then immunolabeled with antibodies against G protein and CD4. A secondary antibody conjugated to 15-nm gold particles was used to indirectly label G protein, while an antibody conjugated to 5-nm gold particles was used to indirectly label CD4. A representative image depicting the labeling of G protein and CD4 at 4.5 hpi is shown in Fig. 2D . This image contains two 15-nm gold particles that label G protein. Most 5-nm gold particles that label CD4 are clearly separated from the 15-nm gold particles that label G protein, although one 5-nm gold particle is in close proximity to a 15-nm gold particle. To quantitate the density of CD4 in relation to G protein, a series of 25 electron micrographs of arbitrarily chosen 15-nm anti-G protein gold particles (excluding gold particles associated with virus budding sites) was collected at 4.5 and 8 hpi in 7080 BROWN AND LYLES J. VIROL.
on September 8, 2017 by guest http://jvi.asm.org/ two separate experiments (50 micrographs total at each time point). Images were analyzed by measuring the distance along the trace of the membrane of each 5-nm gold particle from the 15-nm reference gold particle to a distance of 1 m on each side. The results of the quantitation are represented in Fig. 2E as a histogram of the density of CD4 labeling versus the distance from a 15-nm reference gold particle in 20-nm increments for 4.5 and 8 hpi. There was no preferential labeling of CD4 at short distances of separation from anti-G protein gold particles, which would have been expected if CD4 were present in G protein-enriched microdomains. Instead, the density of CD4 labeling was similar to the average density for all distances of separation from anti-G protein gold particles. This is the expected result if CD4 does not partition into G protein-enriched microdomains. Taken together, the results in Fig. 2 indicate that both CD4 and G protein exist in discrete microdomains outside of virus budding sites, as shown in Fig. 2B and C. However, these microdomains are separate and nonoverlapping, as shown in Fig. 2E .
G protein-and CD4-containing microdomains cluster at VSV budding sites. A previous immunoelectron microscopy study showed that nearly all VSV-CD4 virions contain both G protein and CD4, suggesting that both proteins are present in the membrane microdomains that form virus budding sites (24) . In Fig. 3 , the extent to which CD4 and G protein were concentrated in membrane microdomains at sites of virus budding was determined by comparing the densities of immunogold labeling in budding virus envelopes to the average density in the plasma membrane as whole. Representative images of budding virions labeled with antibody to CD4 are shown in Fig.  3A . The densely stained core of the budding virus consists of the tightly coiled NCM complex. The envelopes of budding virions were labeled with gold particles, while there was little labeling of the surrounding plasma membrane. To quantitate the levels of labeling, infected BHK cells immunolabeled for CD4 or G protein in Fig. 2 were used to generate a separate series of electron micrographs of arbitrarily chosen VSV-CD4 budding sites (50 micrographs total for each sample). The criteria for identifying virus budding sites were (i) electron density created by the NCM complex, (ii) extension of the budding particle into the extracellular space, and (iii) visible attachment to a cell (3). The density of labeling was determined by counting the number of gold particles associated with the virus envelope and dividing by the distance along the trace of the envelope from the base of the densely stained NCM complex on one side to the base on the other. The extent of labeling in each budding virus envelope was expressed as the ratio of the density in the envelope to the average density in the plasma membrane as a whole (determined from the micrographs in Fig. 2) . The data are shown as histograms in Fig.  3B (CD4) and C (G protein), in which the x axis is the density of labeling in the budding virus envelope and the y axis is the number of budding sites with each density. Statistical analysis of these data is given in Table 1 .
The densities of CD4 labeling in budding virus envelopes ranged from near the density in the membrane as a whole to approximately ninefold higher (Fig. 3B) , with an average density that was approximately threefold higher than in the membrane as a whole (Table 1) . At 4.5 hpi, 64% of budding virions (39 out of 61) contained CD4 at levels that were at least twofold higher than in the membrane as a whole, and at 8 hpi, 76% of budding virions had twofold or higher levels of CD4 labeling (Table 1) . Thus, the majority of virions bud from CD4-enriched areas of the plasma membrane.
The densities of labeling of G protein in budding virions, relative to the membrane as a whole (Fig. 3C) , were higher than those for CD4 (notice the difference in the x axis scale between Fig. 3B and 3C ). The average density of G protein labeling in budding virus envelopes was approximately ninefold FIG. 3 . Analysis of the organization of CD4 and G protein into membrane microdomains at virus budding sites. BHK cells were infected with VSV-CD4, and at either 4.5 or 8 hpi, cells were fixed and immunolabeled with an antibody against CD4 or G protein and a secondary antibody conjugated to 5-nm gold beads. Fifty electron micrographs of arbitrarily chosen virus budding sites were digitized and analyzed by tracing the plasma membrane from the center of the tip of the virus budding site to a distance of 1 m while registering each gold particle that was encountered in the trace. The length of the virus envelope was determined by tracing the membrane from the tip of the budding virion to the end of the electron density of the densely stained NCM complex. The left and right sides of the virus envelope were measured separately. (A) Representative micrographs of virus budding sites labeled for CD4 at 4.5 and 8 hpi. Bar in leftmost panel, 100 nm. (B) Density of CD4 labeling in budding virus envelopes. The number of anti-CD4 gold particles that appeared to be associated with each budding virus envelope was divided by the length of the virus envelope, and this value was normalized to the average density in the membrane outside of virus budding sites, determined from the micrographs described in the legend to above that in the membrane as a whole at 4.5 hpi and approximately sixfold higher at 8 hpi ( Table 1) . As expected, Ͼ90% of budding virions contained a high level of G protein labeling (Table 1) . These data show that the majority of budding sites were enriched in both G protein and CD4. This result, combined with the finding that G protein and CD4 are in separate microdomains outside of virus budding sites (Fig. 2E) , leads to the conclusion that these two types of microdomains must come together to form the virus budding sites. In other words, G protein-and CD4-containing microdomains cluster at VSV-CD4 budding sites.
Sizes of G protein-and CD4-containing microdomains at sites of virus budding. Further evidence for clustering of G protein-and CD4-containing microdomains at sites of virus budding was obtained by analysis of the sizes of the microdomains at virus budding sites. The methods for analysis of microdomains at budding sites have been described previously (3) and are similar to the analysis outside of budding sites, except that the tip of the budding virion is used as a reference point. Briefly, micrographs were analyzed by measuring the distance along the trace of the membrane of each gold particle from the center of the leading edge of the budding virion to a distance of 1 m on each side. The results of the quantitation for CD4 are represented in Fig. 3D as a histogram of the density, expressed in particles/20 nm, versus the distance from the tip of the virus envelope in 20-nm increments. The vertical lines represent the average length of the virus envelope in all of the budding sites analyzed, as defined by the distance traced from the tip of the budding virion to the end of the densely stained NCM complex. Therefore, data points to the left of the vertical lines arise from gold particles that appear to be associated with the virus envelope. The average density of gold labeling in the plasma membrane as a whole is also shown.
As shown in Fig. 3D , the density of CD4 labeling within the virus envelope was twofold higher at 8 hpi (approximately 0.6 particle/20 nm) than at 4.5 hpi (approximately 0.3 particle/20 nm), and at both time points the labeling density in virus envelopes was higher than the average in the membrane as a whole, as shown in the previous analysis ( Fig. 3B; Table 1 ). However, at both 4.5 and 8 hpi, the CD4-containing membrane microdomains extended beyond the base of the budding virus envelope to a distance of approximately 300 to 400 nm. Thus, the CD4-containing microdomains involved in formation of virus envelopes were considerably larger than the 100-to 150-nm microdomains observed outside of virus budding sites (Fig. 2B ). This result indicates that the CD4-containing microdomains at virus budding sites must have been assembled from multiple smaller microdomains. At 8 hpi, the CD4-containing microdomains at virus budding sites would be consistent with the largest microdomains observed outside of virus budding sites (Fig. 2B) , leaving open the possibility that viruses bud selectively from these larger microdomains. However, it is more likely that virus budding sites are assembled from multiple smaller microdomains at both 4.5 and 8 hpi.
A similar analysis of G protein labeling in budding virus envelopes is shown in Fig. 3E . As shown previously (3, 4) , the highest densities of G protein labeling were observed near the tip of the budding virions (near the y axis), and the densities declined toward the base. At both 4.5 and 8 hpi, densities of G protein labeling higher than the average extended to a distance of approximately 300 nm (Fig. 3E) . Thus, the G protein-containing microdomains at virus budding sites extend to approximately 300 nm, a finding similar to the results with CD4 (Fig.  3D) . As in the case of CD4, this size is considerably larger than the 100-to 150-nm G protein-containing microdomains observed outside of virus budding sites (Fig. 2C) . The larger size of G protein-containing microdomains at virus budding sites (Fig. 3C ) than outside of budding sites (Fig. 2C ) was observed at both 4.5 and 8 hpi. These data further support the conclusion that the membrane microdomains involved in virus assembly are assembled from multiple smaller membrane microdomains and include both CD4-containing and G proteincontaining membrane microdomains.
The density of G protein in the VSV-CD4 envelope decreases slightly, while the density of CD4 increases, at late times postinfection. The data in Fig. 3E and Table 1 indicate that the density of G protein labeling in the VSV-CD4 envelope was slightly lower at 8 hpi than at 4.5 hpi. Despite the broad distribution of densities (Fig. 3C) , the difference in the average density at 8 versus 4.5 hpi was statistically significant (Table 1) . This result was not expected, since the density of G protein labeling in the membrane as a whole did not decline from 4.5 to 8 hpi. We confirmed the analytical electron microscopy result that the density of G protein in the VSV-CD4 envelope decreased slightly at 8 hpi by SDS-PAGE analysis of G protein incorporation into virions. Cells were infected with VSV-CD4 for either 4 or 7.5 h, at which times the cells were pulse labeled with [
35 S]methionine for 10 min. Following a 1-h incubation at 37°C to allow for transport to the cell surface and incorporation into virions, virus particles were isolated from the supernatant by centrifugation and were analyzed by SDS-PAGE and phosphorescence imaging (Fig. 4A) . Data from three independent experiments were quantitated as the ratio of G protein to M protein (Fig. 4B) . The VSV proteins L, G, N/P, and M were heavily labeled, but CD4 was not readily apparent (Fig. 4A) , since it is labeled inefficiently with [
35 S]methionine (24) . The amounts of internal viral proteins (N/P and M) released into virions were similar at the two time points, but the amount of G protein incorporated into virions decreased from 4.5 to 8 hpi, from a G/M ratio of 0.63 to 0.42. This decrease in the G/M ratio was consistent with the results of the electron microscopy analysis (Fig. 3) .
In contrast to G protein, the amount of CD4 in the VSV- CD4 envelope increased from 4.5 to 8 hpi ( Fig. 3 and Table 1 ). This result was confirmed by Western blot analysis. Cells were infected with VSV-CD4, virions released for a 1-h period surrounding the 4.5-and 8-h time points (4 to 5 hpi and 7.5 to 8.5 hpi, respectively) were isolated, and equal amounts of purified virions were analyzed by Western blotting for CD4 and G protein (Fig. 4C) . The ratio of CD4 to G protein in virions was quantitated from three independent experiments and normalized to the data for 8 hpi (Fig. 4D) . The amount of CD4 incorporated into virions at 4.5 hpi was 37% of the level incorporated at 8 hpi. These data confirm the data obtained by electron microscopy showing that the amount of CD4 incorporated into virions increases approximately twofold at late times postinfection.
A new model of VSV pseudotype formation. Our basic model to explain the formation of VSV pseudotypes that contain CD4 is that G protein and CD4 partition into distinct microdomains that are similar in size and detergent solubility. This point is supported by the data in Fig. 1 and 2 . These separate microdomains then cluster to form the virus envelope, leading to the incorporation of both G protein and CD4. This point is supported by the data in Fig. 3 . This model raises the question of what drives the clustering of these microdomains. We propose that the clustering is driven by the formation of the NCM complex. This proposal is illustrated in Fig. 5 .
Previous results from our laboratory have suggested that assembly of the NCM complex occurs in at least two steps, which we have called initiation and recruitment (6) . The initiation event involves the binding of one or a few molecules of M protein to the nucleocapsid, while in the recruitment phase, the majority of M protein is recruited from both the membrane and cytosol, and condenses the nucleocapsid into a tightly coiled NCM complex. We propose that initiation almost always occurs at a G protein-enriched membrane microdomain (Fig.  5, step 1) , which accounts for the higher densities of G protein properties. We propose that the viral M protein associates with microdomains that are similar in lipid composition to G protein-containing microdomains. In step 1, the initiation of formation of the NCM complex involves the binding of one or a few molecules of M protein to the nucleocapsid. We propose that initiation almost always occurs at a G protein-enriched membrane microdomain, which accounts for the higher densities of G protein at the tip of a budding virus envelope relative to the base. In step 2, recruitment of additional M protein into the NCM complex involves M protein that is associated with a variety of different microdomains. This step of virus assembly would, therefore, account for the clustering of CD4-containing microdomains with G protein-containing microdomains in the virus envelope.
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on September 8, 2017 by guest http://jvi.asm.org/ at the tip of a budding virus envelope relative to the base. We also propose that recruitment involves M protein that is associated with a variety of different microdomains (Fig. 5, step 2) , which are all similar in lipid composition to the G proteincontaining microdomains. This step of virus assembly would, therefore, account for the clustering of CD4-containing microdomains with G protein-containing microdomains in the virus envelope. It is likely that the efficiency of incorporation of membrane proteins is dependent on the extent to which their microdomains resemble G protein-enriched microdomains and therefore associate with M protein. This would account for the fact that VSV forms pseudotypes with a wide variety of membrane proteins, but the efficiency of their incorporation into the VSV envelope varies over a considerable range (12, 24, 26) . For example, VSV forms pseudotypes with the influenza virus hemagglutinin, which is present in lipid rafts, but the efficiency is less than that of CD4 (12) . Our model would also account for the lower level of G protein incorporation and the higher level of CD4 incorporation into the envelopes of VSV-CD4 virions at later times postinfection. At early times postinfection, most of the membrane microdomains that cluster to form virus envelopes would be G protein-containing microdomains, with smaller amounts of CD4-containing microdomains. At later times postinfection, the number of CD4-containing microdomains in the plasma membrane increases due to the higher level of viral gene expression (Fig. 2B) . In contrast, the number of G protein-containing microdomains remains approximately the same (Fig.  2C) , since depletion of G protein by virus budding balances the increase in viral gene expression. The initiation step is still likely to occur in a G protein-containing microdomain, but the recruitment (clustering) step would be more likely to include CD4-containing microdomains than G protein-containing microdomains, since the G protein microdomains have been depleted faster than the CD4 microdomains, leading to a lower level of G protein in the envelope. This effect could account for the observation that expression of high levels of membrane proteins that form pseudotypes with VSV leads to a reduction in viral infectivity (24) , since virions containing lower levels of G protein are likely to be less infectious. A similarly high level of incorporation of alternative membrane microdomains into virus budding sites might occur in cell types that express G protein inefficiently on their cell surfaces.
In summary, our data have shown that G protein and CD4 exist in distinct membrane microdomains outside of virus budding sites but that both are present in budding virus envelopes. These results lead to the conclusion that VSV pseudotype formation with CD4 is due to clustering of membrane microdomains. The ability to come to this conclusion was critically dependent on our new methods of analysis of immunoelectron microscopy data. These results have led to a new model of viral pseudotype formation, which will be further tested in future experiments.
